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EFFECT OF GEOMETRY VARIATIONS ON LEE -SURFACE 


VORTEX-INDUCED HEATING FOR FLAT-BOTTOM 
THREE-DIMENSIONAL BODIES AT MACH 6 

By Jerry N. Hefner 
Langley Research Center 

SUMMARY 

The effects of systematic geometry variations on the lee -surface vortex -induced 
heating for simple flat -bottom three-dimensional bodies at angles of attack of 20° and 40° 
at Mach 6 are presented. Relatively high levels of vortex-induced heating were found on 
the lee surfaces of each body since none of the geometry variations entirely eliminated 
the adverse heating effects of the vortices. Secondary vortices were generated as a 
result of blunting the chine radius and/or increasing the angle of attack. Vortices were 
also generated on the sides of the afterbody at the abrupt change in planform area 
(surface discontinuity between model forebody and afterbody). The secondary and side 
vortices were found to produce levels of heating that could be equal to or greater than 
that produced by the primary vortices; thereby, the expected favorable effects of the sur- 
face discontinuity would be nullified. Reducing nose bluntness to obtain a sharp nose body 
significantly increased the vortex -induced heating on the forebody lee meridian. 

INTRODUCTION 

Recent experimental studies have shown that vortices strongly influence heating on 
the leeward surface of conceptual hypersonic vehicles. (See refs. 1 to 6.) Some of the 
significant conclusions from these studies include (1) peak vortex -induced lee-surface 
heating at an angle of attack can exceed that for zero angle of attack; (2) peak heating is 
extremely sensitive to Reynolds numbers; (3) a "threshold” Reynolds number exists below 
which peak vortex-induced heating decreases abruptly; (4) lee-aurface vortex flow model- 
ing differs from conventional separation flow modeling; and (5) the geometry of the lee 
surface greatly influences the vortical heating for three-dimensional configurations. 
Although the studies showing the influence of lee -surface geometry on the vortical heating 
provides some information which was used to control partially the severity of the lee- 
surface heating, more refined guidelines on vortex alleviation are needed. Therefore, 
experimental data are necessary to define better the relationship between the lee -surface 



geometry and the resulting leeward flow field and surface heat transfer. Information of 
this type is available for planar delta wings, but is nonexistent for three-dimensional 
geometries. 

This paper presents experimental results which show the effects of systematic 
geometry variations on the lee -surface vortex -induced heating for simple flat -bottom 
three-dimensional bodies. The study was conducted in conjunction with the investigation 
reported in references 1 to 3. The tests were conducted at a free -stream Mach number 
of 6 and at a free-stream Reynolds number of 1.71 x lO^ per meter. 

SYMBOLS 

h local heat -transfer coefficient 

h re f stagnation heat-transfer coefficient on a 0.305-m (1-foot) radius sphere 

scaled by the same factor as the wind-tunnel model 

L model length 

M^ free-stream Mach number 

r °°,L free-stream Reynolds number based on model length 

s longitudinal surface distance measured from model nose 

x longitudinal coordinate of body measured from model nose 

y local half-width of body 

a angle of attack 

Subscripts: 

1 conditions at position of first vortex-induced lee- surface heating peak 

2 conditions at position of second vortex-induced lee-surface heating peak 

APPARATUS AND METHODS 
Tunnel 

This experiment was conducted in the Langley 20-inch Mach 6 tunnel. A complete 
description of this tunnel and its calibration is given in the appendix of reference 7. 
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Models and Test Conditions 


Six flat -bottom models with various forebody shapes were used; sketches of these 
models are given in figure 1. The geometry variations selected were those that were 
believed to have the most effect on the vortex-induced heating. All models incorporated 
a surface discontinuity between the forebody and afterbody which was intended to induce 
the vortices to lift off the surface at the discontinuity. (See ref. 3.) The models were 
made of a mica-stycast resin. The thermophysical properties of this material were 
measured from samples cast at the same time as the models. 
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Tests were conducted at a free-stream Reynolds number of 1.71 x 10 per meter. 
The total temperature was 497 K, and the ratio of wall temperature to total temperature 
was approximately 0.6. The angles of attack were 20° and 40°. 

Test Methods 

Heat-transfer data were obtained by using the phase -change -paint technique (ref. 8) 
and were recorded on 35-mm motion-picture film at the rate of 10 frames per second. A 
network of grid lines spaced 1.27 cm apart and measured longitudinally from the rear of 
the model was used to locate the line of constant heating. The grid lines on either side 
of the top meridian on the model were also 1.27 cm apart on the model afterbody, the grid 
spacing being proportionately smaller as the distance from the model nose on the fore- 
body is decreased. Phase -change paints which permitted the data to be obtained within 
test times of approximately 20 seconds were selected. An analysis of the thermal diffu- 
sion through the mica-stycast material indicated that this time would keep conduction 
errors to a minimum. 

Oil-flow studies were conducted to examine the surface flow and separation bound- 
aries on the upper surfaces. A mixture of silicon oil and lampblack was distributed in 
random dots of varying sizes over the entire upper surface. Photographs were then taken 
of the models after each test. No oil -flow studies were obtained on model 2 since it was 
destroyed during the tunnel shutdown following the heating studies. 

Data Reduction 

The heat-transfer data were reduced to local heat -transfer coefficients by the 
method of reference 8. Since recovery factors for lee -side flow are unknown, the present 
data were reduced by assuming a laminar recovery factor of 0.86 based on free-stream 
conditions. The local heat-transfer coefficient was normalized by the calculated stagna- 
tion heat-transfer coefficient by the method of Fay and Riddell (ref. 9), on a sphere having 
a 0.305-m (1-foot) radius scaled by the same factor as the model at the same test 
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conditions. The model scale used in the reduction of the data was selected to be 0.0106 
so that the data would be compatible with those presented in references 1 to 3. 


RESULTS AND DISCUSSION 

General Surface Flow and Heat-Transfer Characteristics 

Oil-flow studies on the flat -bottom bodies at angle of attack show a highly complex 
lee -surface flow containing a number of vortices. The schematic drawing of figure 2 
was developed with the aid of these oil-flow studies and identifies many characteristics 
of the lee -surface flow. On the forebody of the models, upstream of the surface discon- 
tinuity, the windward flow expands around to the leeward (shielded) surface and remains 
attached for a finite distance before it separates and forms a vortex. This primary vor- 
tex scrubs the lee surface in the vicinity of the lee meridian. (The scrubbing action of 
vortices is indicated by featherlike oil smears.) Under some conditions, secondary vor- 
tices, which are smaller in size than the primary vortices, are formed outboard of the 
primary vortices. (See schematic drawing of fig. 2.) These secondary vortices not only 
interact with the forebody lee surface, but also may interact with the afterbody surface. 

In addition to both the primary and secondary vortices, vortices are generated on the 
sides of the leeward afterbody at the abrupt change in planform area (surface disconti- 
nuity between forebody and afterbody) near the windward surface. 

A comparison of the heating distributions and oil -flow patterns presented in fig- 
ures 3 and 4 shows, as was found in references 1 to 3, that relatively high or elevated 
heating generally accompanied the interaction of vortices with the leeward surfaces, 
whereas lower heating accompanied separation and low surface shear. The number of 
vortex-induced heating peaks along the forebody lee meridian (other than the stagnation 
heating peaks. on the nose) increased with angle of attack. The first of these heating 
peaks was always the maximum and was caused by the primary vortices thinning the vis- 
cous layer on the lee surface to a minimum; thereby the insulating layer between the high 
energy inviscid flow and the surface was reduced. (See ref. 6.) 

Effect of Geometry Variations 

The baseline configuration is represented by the blunted half -cone body (model 1) 
and the data generated on it are shown in figures 3(a) and 4(a). Results obtained on the 
other bodies show the effects of increasing chine radius (model 2, figs. 3(b) and 4(b)), 
increasing cone half -angle (model 3, figs. 3(c) and 4(c)), reducing cross-sectional area 
(model 4, figs. 3(d) and 4(d)), reshaping forebody to increase planform area (model 5, 
figs. 3(e) and 4(e)), and reducing nose bluntness (model 6, figs. 3(f) and 4(f)). Table I 
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provides a summary of the vortex-induced peak heating along the forebody lee meridian 
for all geometry variations. 

Baseline configuration .- Moderately high heating is generated on the forebody lee 
meridian by the primary vortices at a = 20°. At a = 40°, two vortex-induced heating 
peaks are generated along the forebody lee meridian with the first of these nearly 50 per- 
cent higher than the single heating peak at a = 20°. Secondary vortices are formed on 
the forebody outboard of the primary vortices only at a = 40°, and these vortices pro- 
duce regions of elevated heating on both the forebody and afterbody. On the afterbody at 
a = 20°, the side -generated vortices produce heating that is twice as high as the vortex- 
induced heating on the forebody. This heating, produced by the side -generated vortices, 
is affected only slightly by increasing the angle of attack from 20° to 40°. 

Effect of increasing the chine radius .- The effect of increasing the chine radius is 
seen by comparing the results for model 2 with those for model 1. (See table I and com- 
pare figs. 3(b) and 4(b) with figs. 3(a) and 4(a).) Blunting the chine radius almost doubled 
the level of the single vortex-induced heating peak on the forebody at a = 20° but only 
slightly affected the levels of the first and second vortex -induced heating peaks on the 
forebody at a = 40°. Furthermore, secondary vortices are produced by blunting the 
chine radius at both a = 20° and a = 40° and these vortices interact with the forebody 
and afterbody lee surfaces to produce elevated heating levels. The side -generated vor- 
tices produce elevated levels of heating which are lower than those found on model 1 at 
the same angles of attack. 

Effect of increasing the cone half-angle .- The effect of increasing the cone half- 
angle is seen by comparing the results for model 3 with those for model 2. (See table I 
and compare figs. 3(c) and 4(c) with figs. 3(b) and 4(b).) Increasing the cone half -angle 
eliminated the formation of vortices on the forebody at a = 20°, but increased the single 
vortex -induced heating on the forebody at a = 40° by 31 percent. On the afterbody at 
a = 20°, the secondary and side vortex -induced heating levels are greater than those for 
the primary vortices even though a large well-defined featherlike oil smear was generated 
by the primary vortices along the afterbody lee meridian. This result is in contrast to 
that reported in references 1 to 3 and 6 where the most severe vortex -induced heating 
was always generated by the primary vortices along the lee meridian. Therefore, the 
presence of a well-defined featherlike oil smear on the lee meridian should not neces- 
sarily be interpreted as the region of most severe vortex-induced heating. Also, it 
appears that shaping a configuration to alleviate only the effects of the primary vortices 
can cause some potentially serious heating problems, since the secondary and side vor- 
tices can produce heating levels equal to or greater than those produced by the primary i 
vortices. At a = 40°, however, the primary vortex-induced heating peak along the 
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forebody lee meridian is again significantly higher than the heating levels generated by 
either the secondary or side vortices. 

Effect of decreasing the cross-sectional area .- The effect of decreasing the cross- 
sectional area is seen by comparing the results for model 4 with those for model 2. (See 
table I and compare figs. 3(d) and 4(d) with figs. 3(b) and 4(b).) Decreasing the cross- 
sectional area decreases the single vortex -induced heating peak along the forebody lee 
meridian at a = 20°, but substantially increases the magnitude of the first and second 
vortex-induced heating peaks on the forebody lee meridian at a = 40°. Side -gene rated 
vortices produce heating levels on the afterbody at a = 20° comparable with that pro- 
duced by the primary vortices on the forebody. However, at a = 40°, the interaction of 
the side -generated vortices with the afterbody surface is apparently eliminated. 

Effect of increasing planform area .- The effect of increasing planform area can 
be seen by comparing the results for model 5 with those for models 3 and 4. (See table I 
and compare figs. 3(e) and 4(e) with figs. 3(c) and 3(d) and figs. 4(c) and 4(d).) Increasing 
the planform area and the slope of the forebody lee meridian, as well as decreasing the 
cross-sectional area (the geometry variations included on model 5), eliminated the vor- 
tices on the forebody lee surface at a = 20° and slightly decreased the single vortex- 
induced heating peak on the forebody lee meridian at a = 40°. The elimination of the 
vortices on the forebody can be attributed to the increased slope of the forebody lee 
meridian and agrees with the results obtained for increasing the cone half -angle (model 3). 
The slight decrease in the level of the single heating peak on the forebody of model 5 at 
a = 40° can be attributed to the change in planform area since increasing the slope of 
the forebody lee meridian and decreasing the cross-sectional area (model 4 compared 
with model 2) was found to increase the vortex -induced heating peaks at a = 40°. As 
was also found for model 3 at a = 20°, the heating caused by the secondary and side vor- 
tices on the afterbody lee surface exceeds that for the primary vortices on the afterbody. 
Afterbody heating of this type somewhat nullifies the expected favorable effects of the 
surface discontinuity found in reference 3. At a = 40°, the effects of the side vortices 
on the afterbody are eliminated probably because of the reduced cross-sectional area. 

Effect of reducing nose bluntness .- The effect of reducing nose bluntness can be 
seen by comparing the results for model 6 with those of model 1. (See table I and com- 
pare figs. 3(f) and 4(f) with figs. 3(a) and 4(a).) Reducing the nose bluntness of model 1 to 
obtain the sharp nose model 6 significantly increased the peak vortex-induced heating on 
the forebody at a = 20° and 40°. The data of reference 3 indicated that for blunt -nose 
configurations (bluntnesses similar to that of model 1) doubling the nose bluntness had 
little effect on the level of the vortex-induced heating even though it did influence the 
"threshold” Reynolds number. Therefore, the level of vortex-induced heating can be 
reduced significantly by avoiding sharp nose bodies. 
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CONCLUDING REMARKS 


The effects of systematic geometry variations on the lee -surface vortex -induced 
heating for simple flat -bottom three-dimensional bodies at angles of attack of 20° and 40° 
at Mach 6 have been presented. Each model incorporated a surface discontinuity which 
was intended to induce the primary vortices to lift off the surface at the discontinuity. 
Relatively high levels of vortex -induced heating were found on the lee surfaces of each 
configuration since none of the geometry variations entirely eliminated the adverse 
heating effects of the vortices. Secondary vortices, smaller in size than the primary 
vortices, were generated by blunting the chine radius and/or increasing the angle of 
attack. Vortices were also generated on the sides of the afterbody at the abrupt change 
in planform area (surface discontinuity between the model forebody and afterbody) near 
the windward surface. Increasing the cone half -angle and/or increasing the planform 
area of the forebody caused the levels of heating produced by the secondary and side vor- 
tices to exceed that produced by the primary vortices on the afterbody; thereby, the 
expected favorable effects of the surface discontinuity were nullified. Since the second- 
ary and side vortices can produce heating levels equal to or greater than those produced 
by the primary vortices, potentially serious heating problems might be encountered if a 
configuration is shaped to alleviate only the effects of the primary vortices. Decreasing 
the cross-sectional area eliminated the effects of the side vortices on the afterbody at 
a = 40°. Reducing the nose bluritness to obtain a sharp -nose body significantly increased 
the vortex-induced heating on the forebody lee meridian. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., September 21, 1973. 
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TABLE I.- LOCATION AND MAGNITUDE OF VORTEX -INDUCED 
PEAK HEATING ALONG FORE BODY LEE MERIDIAN 


Model 

deg 

S l/L 

h l/ h ref 

s 2 /L 

Wt 

1 


0.47 

0.065 

— 

— 

2 

20 

.47 

.125 

— 



20 





4 

20 

.51 

.080 

— 


5 

20 



— 


6 

20 


.200 

— 


1 

40 

''"'1 

.094 

0.44 

0.062 

2 

40 

.15 

.107 

.48 

.054 

3 

40 

.27 

.140 

— 


4 

40 

.18 

.142 

.32 

.102 

5 

40 

.30 

.125 

— 


6 

40 

.07 

.163 

.35 

.070 
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(a) Model 1. 

Figure 1.- Drawings of wind-tunnel models. All linear dimensions are in centimeters. 
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Figure 1.- Continued. 
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Figure 1.- Concluded. 
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(a) Model 1. 

Figure 3.- Heat-transfer and oil-flow distributions at a = 20°. M =6; R m l = 4.34 x 10 1 
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Figure 3.- Continued. 
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Figure 3.- Continued. 
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Figure 3.- Continued. 
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Figure 3.- Continued. 
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(a) Model 1. 

Figure 4.- Heat-transfer and oil-flow distributions at a = 40°. M m = 6; R m l = 4.34 x 10 
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Figure 4.- Continued. 
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Figure 4.- Continued. 
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Figure 4.- Continued. 
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Figure 4.- Continued. 
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